A novel study has been undertaken for the coupling efficiency enhancement on planar (refractive and diffractive) microlenses as coupling elements with various geometrical shapes in fibre optics communication. When the dispersion of the planar diffractive microlens is expressed in terms of an Abbe number, it is easy to solve for the refractive and diffractive power coupling efficiency that result in a single material. Coupling loss is reduced with microlens used as coupler even when increasing wavelength of the Gaussian beam. A slight difference of power coupling efficiency is observed with the different direction of electric polarisation for a Gaussian beam of large spot size at its waist due to coupling property has been discussed and shown to agree well with theoretical model.
Introduction
The great advances made by optical telecommunications have brought about the industrial manufacturing of a whole set of components for optical fibres and for each component; there is much competition to optimise the performance while reducing cost. In designing optical communication systems, one of the greatest problems is to reduce the optical coupling loss from a laser diode to a fibre or from a fibre to the optical device or vice versa. Before connecting the fibre to the optical system, coupling characteristics such as coupling losses and alignment tolerances are investigated. Recent progress in optical technology and optical devices has made optical fibre transmission systems available for practical use [1, 2] .
Effective power coupling between a laser diode and a fibre is a big concern in many applications. In optical fibre communications, low loss coupling is essential for optical performance, as high loss coupling means that the source has to be operated high above threshold to yield the required launched power into the optical fibre. Running laser at higher driving current results in an increase of heat to be dissipated and impacts its long-term stability and reliability. The excitation of a flat-end optical fibre by a Gaussian beam has been studied by several authors [3] [4] [5] .
Power Coupling Efficiency
The power carried by the Gaussian beam using a full-wave analysis based on the formulation of electric and magnetic components as [6] shown in the 
where R E represents the real part. E ix is the fibre can be obtained using the transverse components of transmitted fields in the fibre-core medium as a measure of cross-polarization as shown in the Figure 1 is given by
where E ω = E o ω 2x ω 2y /2π, here E o is a constant field amplitude. α and β are the limits of integration to take the cladding of the fibre into account in accordance with the fibre angle of acceptance. ε 1 , ε 2 , and ε 3 are the permittivities of fibre, cladding and the medium (between the source and the fibre).
, and k o = 2π/λ, λ is the wavelength of the Gaussian beam. d 1 is the working distance between laser diode and lens. d 2 (= R) is the maximum depth of the lens. To prevent coupling loss due to source and fibre axial separation, the distance of separation between the source and the fibre z o is limited z o ≤ α/ tan θ A , where
The power coupled into the fibre will then be independent of the separation z o when the spot size of the Gaussian beam is small compared with the core size of the
are the beam halfwidths along the x and y. Integration in (1) can then be approximated by the 2D delta function as
where α and γ are relatively changed limits of integration to take the cladding of the fibre into account in accordance with the fibre angle of acceptance. Therefore, the power coupled into the fibre becomes
where
, and k o = 2π/λ; here n 1 is the refractive index of the core, n 2 is refractive index of the cladding and n 3 is the refractive index of the medium between the source and the fibre. The power coupling efficiency of an elliptical-spot size Gaussian beam into a multimode step-index fibre is obtained using P s and P f as
The laser diode to the optical fibre coupling efficiency via microlens on the fibre tip is given by the well-known overlap integral [7] 
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In the practical coupling configuration, the physical size of the microlens is limited and only part of laser light can be collected by the microlens. To take this effect into account, a microlens transmissivity factor T x is introduced and is given by
, (8) where R is the radius of the microlens. The effective coupling can be written as
A similar expression for η y can be obtained by replacing all the x-z beam parameters with those for the y-z beam. Total coupling efficiency from laser to a fibre can be expressed by
under the precondition that the efficiency cannot be enhanced and it occurs only when high NA with aberration free lenses preferred to achieve maximum coupling efficiency.
Hybrid (Refractive and Diffractive) Microlens
The two microlenses can be combined in one microlens as shown in Figure 2 . The advantage of such a system is that the axial chromatic aberration of the refractive component can be corrected by a diffractive component with positive focusing power owing to the negative dispersion of the diffractive optical element (DOE). In a traditional achromatic doublet, a refractive element with negative focusing power of the hybrid lens reduces the magnitude of the higher-order aberrations. The design of a hybrid achromat is based on geometrical ray tracing. For calculating the influence of the diffractive surface, the law of refraction is replaced by the law of grating diffraction. The focal length f of a thin doublet for estimating the critical dimensions of hybrid achromat using paraxial equations is given by [8] 1 f
where in our case f r and f d are the focal lengths of the refractive and the diffractive lenses, respectively. The condition for an achromat is then [9] 
where the dispersions of the refractive lens and the diffractive lens are characterized by the Abbe number ν r and ν d , respectively. For a refractive lens, the Abbe number is given by
where n i are refractive indices for the wavelengths λ i . Equation (12) requires that the focal length f of the achromat be the same for the wavelength is λ 1 . The definition requires that λ 2 < λ 1 < λ 3 . In the case of a diffractive lens the optical power is proportional to the wavelength; therefore, the Abbe number is given by
The abbe number of a refractive lens is positive, that is, ν r < 0. where W j is equivalent expression for the optical path length, M j is called phase-matching number, and λ is the wavelength in air
where r j is the distance of the segment boundary from the origin having the M j th order focus at the position l and λ o is the design wavelength in air. From (15) and (16), we can calculate f d as
The phase function Φ(r) of a thin diffractive lens with focal length f d is described by 
Power coupling efficiency
Refractive index difference Δ (%) For a lens of radius a 1 the number Q, of illuminated segments is then given by
From equations f d and Q it obtains an estimation for the number Q of illuminated segments of the diffractive component. Q is a function of the focal length f and the f -number ( f /# = f /2a 1 ) of the hybrid lens, namely, Q is that the dispersion of a refractive component is much smaller than the dispersion of a diffractive component. Owing to the results based on electromagnetic theory [10] , structures designed by scalar theory would yield high efficiencies in this regime. An optimisation would need very computing intensive rigorous diffraction calculations. The slightest deviation of the experimental from the theoretical beam diameter can be explained by inaccuracies in this measurement set up. Some design rule can be given for different ranges of numerical apertures using the paraxial approximation; the number Q of illuminated segments is given by
For low numerical apertures, elements with a constant M j and M can be designed that have either purely refractive or purely diffractive properties. Therefore, with a suitable choice of M, both types of behaviour are accessible. For many technologies, the fabrication of high-NA elements is made possible only with the Phase-Matched Fresnel-Element (PMFE) concept.
Experiments and Numerical Simulations on the RefractiveDiffractive Behaviour.
The experimental setup for the measurement of the coupling efficiency is illustrated schematically in Figure 4 . An input He-Ne laser light (λ = 633 nm) was coupled into a fibre, and the output end of the fibre was joined to the input end of the coupled Refractive-diffractive microlenses. The fibre is set in contact with the front surface, and its near field pattern is transformed as an inverted image at the back surface. The transformed near field pattern was observed using detector, power meter, and data analyser. Collimating and focussing systems had improved the characteristics of the modified output field profile to focus into a fibre [11] . The variation of coupling efficiency of microlenses due to the lateral offset of normalised coupling efficiency for (i) refractive microlenses (ii) diffractive microlenses, and (iii) refractive-diffractive microlenses (hybrid microlenses) is shown in the Figure 5 . Computed coupling efficiency was in good agreement with the experimental ones.
Result and Discussion
Based on the full-wave analysis and the numerical results, several important observations can be made. Equation (5) is calculated numerically using 10-point Gauss-Legendre quadrature [12] for γ integration and α integration with five subintervals in γ and α between their respective integration limits resulting in a four-digit accuracy of η.
For fibre of core radius a 1 = 50 μm with an air gap between the optical source and the fibre, Δ c = 31.51%, according to the source-fibre separation z o is limited to z o < 238 μm for Δ = 1% and to z o < 135 μm for Δ = 3%. Consider Δ c as a measure of index mismatch for power coupling into the fibre. The wavelength of the Gaussian beam is λ = 0.85 μm, and the spot size at its waist is ω 2x = 0.4 μm, ω 2y = 1.2 μm. The refractive index of fibre core is n 1 = 1.46. The power coupling efficiency η is shown in Figure 6 as a function of the fibre relative core-cladding refractive Δ at different index mismatch Δ c = 0, 10%, 31.5%. The case of a perfect index match is indicated by Δ c = 0, and Δ c = 31.5% indicates that the medium ε 3 = is air or free space. Figure 7 shows that the power coupling efficiency for a perfect index match is not significantly different from that for index mismatch by Δ c = 10%. For typical case of air gap between the optical source and the fibre with index mismatch by Δ c = 31.5%, the power coupling efficiently decreases from 2.87% for a fibre Δ = 1% to 4.71% for a fibre of Δ = 2.8% when compared with the case of perfect index match. It is indicated that the coupling efficiency increases with increasing fibre Δ. The spot size of the Gaussian beam at the beam waist affects the power coupling efficiency; η is shown in Figure 8 Figure 8 , when either ω 2x or ω 2y is <1.6 μm, η decreases rapidly with decreasing beam spot size at the beam waist. When ω 2x or ω 2y is >1.6 μm, η increases slowly with increasing beam spot size at the beam waist and η approaches a maximum value limited by the smallest beamwidth either ω 2x or ω 2y at the beam waist. When both ω 2x and ω 2y at the beam waist are >1.6 μm, η increases slowly and approaches a value of 96.34% at ω 2x = 2.0 μm, ω 2y = 3.0 μm. This is still less than the power transmission coefficient of a perpendicular incident plane wave, T = 4n 1 /(n 1 + 1) 2 = 96.63%. From Figure 8 , we found that the power coupling efficiency η increases not only with increasing ω 2y but also with increasing ω 2x to an approximate saturation situation ω 2x ≥ 2 μm, ω 2y ≥ 3 μm. These occur because the beam halfwidth [13] ω 2x (z o ) at any point z o is a function not only of z o but also of wavelength λ and the beam halfwidth at the beam waist ω 2 j (0) [14] . Owing to the clamped finite aperture, the case of a purely refractive microlens is reached by the elements with M = 8. According to the increasing size and the decreasing number of segments boundaries, the elements with phase-matching numbers in the range from M = 2 to M = 7 can be described as having both refractive and diffractive behaviour. Coupling loss is reduced with microlens used as coupler even increasing the wavelength of the Gaussian beam when ignoring the interference patterns obtained due to diffractive elements.
Conclusion
The power coupling efficiency of an elliptical size Gaussian beam into a multimode step-index fiber via microlens is derived using a full-wave analysis. It is found that the power coupling efficiency increases with decreasing index mismatch. The power coupling loss due to beam spread is very large when the spot size at the beam waist is small. To obtain a higher power coupling efficiency, the Gaussian beam spot size at the beam waist should be larger, but is still small compared with the core size of the fiber. There is a slight difference in power coupling efficiency for a large spot size due to the different direction of the electric polarization at the beam waist. This difference increases slightly with increasing wavelength of the Gaussian beam. The power coupling loss caused by beam spread is also large when the wavelength of the Gaussian beam is increased. To obtain higher power coupling efficiency operating at a longer spot size at its waist and the spot size should be still small compared with the core size of the fiber. The Gaussian beam is not a pure transverse wave. The transmitted beam has changed the electric polarization in the fiber-core medium.
By variation of the number of segments at a constant numerical aperture, the transition between purely refractive and diffractive lenses is numerically simulated. Based on these results, design rules for power coupling efficiency including low-and high-numerical aperture lenses and hybrid refractive-diffractive elements are investigated. For a high-numerical aperture lens, the experimental characterisation of the irradiance distribution in the image space (detector) is presented and shown to agree well with theoretical predications.
